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ABSTRACT

The radar return powers from a three-frequency radar, with center frequency at 22.235 GHz and upper
and lower frequencies chosen with equal water vapor absorption coefficients, can be used to estimate water
vapor density and parameters of the precipitation. A linear combination of differential measurements
between the center and lower frequencies on one hand and the upper and lower frequencies on the other
provide an estimate of differential water vapor absorption. The coupling between the precipitation and
water vapor estimates is generally weak but increases with bandwidth and the amount of non-Rayleigh
scattering of the hydrometeors. The coupling leads to biases in the estimates of water vapor absorption that
depend primarily on the phase state and the median mass diameter of the hydrometeors. For a down-
looking radar, path-averaged estimates of water vapor absorption are possible under rain-free as well as
raining conditions by using the surface returns at the three frequencies. Simulations of the water vapor
attenuation retrieval show that the largest source of error typically arises from the variance in the measured
radar return powers. Although the error can be mitigated by a combination of a high pulse repetition
frequency, pulse compression, and averaging in range and time, the radar receiver must be stable over the
averaging period. For fractional bandwidths of 20% or less, the potential exists for simultaneous measure-
ments at the three frequencies with a single antenna and transceiver, thereby significantly reducing the cost
and mass of the system.

1. Introduction

Many remote sensing techniques are being used ex-
perimentally or operationally to estimate atmospheric
water vapor. These include radiometers at microwave
(Westwater et al. 2001; Solheim et al. 1998; Schultz et
al. 1993; Schlüssel and Bauer 1993), millimeter-wave
(Rosenkranz 2001; Wang et al. 1995; Wilheit 1990) and
IR (Schmetz and Turpeinen 1988; Hagen et al. 2004)
wavelengths; Raman lidar and differential absorption
lidar (DIAL) (Whiteman 2003; Behrendt et al. 2002;

Brassington 1982); and GPS-based techniques (Bevis et
al. 1992; Alber et al. 1997). With a few possible excep-
tions (e.g., Liljegren 2004), most of the instruments and
retrieval methods are not applicable in the presence of
rain. In fact, the measurement of water vapor in rain is
difficult even with conventional rawinsondes. Never-
theless, its estimation is important in microphysical
studies and in the evaluation of cloud models.

Although little work has been done on water vapor
estimation using radar, an exception is the work of Tian
et al. (2004) who have analyzed dual-frequency (10 and
94 GHz) airborne Doppler radar data. By deriving the
hydrometeor size distribution from the Doppler veloc-
ities and then modifying the radar reflectivity factors Z
to account for Mie scattering and hydrometeor attenu-
ation, the attenuation from cloud and gases can be in-
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ferred from the difference in the modified Z values at
the two frequencies. In this paper, a three-frequency
radar is studied for which one of the frequencies is
taken at the 22.235-GHz line center with the others
chosen at a lower and higher frequency with equal wa-
ter vapor absorption coefficients.

Equations for estimates of water vapor absorption
and precipitation and cloud attenuation are given in
section 2, followed by a simulation and error analysis of
the water vapor absorption and density estimates in
section 3. Discussions on the algorithm and radar
implementation are given in section 4.
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4. Discussion and summary

The approach used here has some similarities to the
differential absorption lidar technique in that it uses
frequencies on and off line center to estimate the
strength of absorption. The fact that precipitation is the
background scattering medium, however, implies that
the differential attenuation by hydrometeors can easily
be as large as water vapor absorption; moreover, non-
Rayleigh backscattering effects at these frequencies can
be comparable in magnitude to attenuation and absorp-
tion. By the use of three frequencies, we can take ad-
vantage of the fact that differential attenuation from
precipitation and cloud is approximately an odd func-
tion with respect to the center frequency while the dif-
ferential water vapor absorption is approximately an
even function.

In deriving an expression for the differential vapor
absorption, the critical assumption is that the differen-
tial attenuation from cloud and precipitation between
the upper and lower frequencies can be expressed as a
fraction of the differential attenuation between the cen-
ter and lower frequencies. Results of the simulations
show that this assumption leads to biases in the esti-
mate of water vapor density that become larger as the
bandwidth increases. Although the biases are small in
snow, they are particularly strong in the melting layer
and lead to large negative biases in the vapor density
estimates in and around the melting layer.

Although the focus of the paper is estimation of wa-
ter vapor, the approach also offers the potential of pre-
cipitation estimation. Because of the choice of lower
and upper frequencies, the differential measured reflec-
tivity factor Z̃m( fu) 
 Z̃m( fl) is a function only of the
characteristics of the precipitation and cloud and is in-
dependent of water vapor. If the differential path at-
tenuation from cloud and precipitation can be esti-
mated, then Z̃( fu) 
 Z̃( fl) follows directly from (10). It
is clear from the results of Fig. 3 and Fig. 5, however,
that from Z̃( fu) 
 Z̃( fl) an estimate of the D0 can be
obtained. Moreover, an estimate of the number con-

centration Nt can be obtained from the radar equation
(1). To start the procedure requires an initial or esti-
mated path attenuation. One such estimate can be ob-
tained from (21) by measuring the surface return pow-
ers in clear regions. However, as recently shown by
Mardiana et al. (2004), the equations also can be solved
iteratively without an independent path-attenuation es-
timate. In either case, the procedure yields estimates of
the hydrometeor size distribution parameters in range.
The D0 and Nt values can be used, in turn, to improve
the estimate of the differential water vapor absorption
by providing estimates of the bias terms E1 and E2. A
drawback to the procedure is that the equation for Nt,
as derived from the radar equation, is a function k�( fl)
or k�( fu). Although this term is usually small relative to
the hydrometeor attenuation for the 20% and 30%
bandwidth cases, it represents an additional error
source in the precipitation retrieval problem. In prin-
ciple, just as the hydrometeor size distribution param-
eters can be used to correct for biases in the water
vapor retrieval, the water vapor retrieval can be used to
account for this contribution in the precipitation re-
trieval. Whether iterating between solutions to the pre-
cipitation and water vapor equations will provide stable
solutions is not clear, however.

Another way to view the technique is as a variation
of the differential-frequency implementation. In this
approach, a single antenna and transceiver are used to
transmit and receive signals at more than one fre-
quency. However, this requires a wideband power am-
plifier and a wideband antenna. Wideband power am-
plifiers with bandwidths up to 20% are now available in
some frequency bands (J. Carswell 2004, personal com-
munication). For broadband solid-state amplifiers,
with high duty cycles but low peak powers, pulse-
compression techniques can be used to achieve a fine
range resolution. Averaging the data to a coarser ver-
tical resolution may provide a sufficient number of in-
dependent samples to make the measurement tech-
nique feasible without excessive space or time averag-
ing. One other way of increasing the effective number
of independent samples is by the use of data whitening
(Koivunen and Kostinski 1999; Torres and Zrnić 2003).
Another requirement of the radar would be well-
matched beamwidths at the three frequencies. Because
the total differential path absorption for a 20% band-
width is on the order of 1 dB, any mismatches in the
radar resolution volumes will have a strong effect on
accuracy, particularly in convective rain where vertical
and horizontal gradients in the reflectivity field can be
large. Horn-lens and parabolic antennas are inherently
broad band and should be capable of good performance
over a 20% bandwidth. Nevertheless, detailed calcula-
tions would be needed to assess the degree of beam
matching needed relative to the gradients in the reflec-
tivity field.




